The fragmentation of Pangaea as a consequence of the opening of the Atlantic Ocean is documented in the Alpine-Mediterranean region by the onset of widespread pelagic sedimentation 1 . Shallow-water sediments were replaced by mainly pelagic limestones in the Early Jurassic period, radiolarian cherts in the Middle-Late Jurassic period, and again pelagic limestones in the Late Jurassic-Cretaceous period 1 . During initial extension, basin subsidence below the carbonate compensation depth (CCD) is thought to have triggered the transition from Early Jurassic limestones to Middle-Late Jurassic radiolarites 1 . It has been proposed that the transition from radiolarites to limestones in the Late Jurassic period was due to an increase in calcareous nannoplankton abundance when the CCD was depressed below the ocean floor 1 . But in modern oceans, sediments below the CCD are not necessarily radiolaritic. Here we present palaeomagnetic samples from the Jurassic-Cretaceous pelagic succession exposed in the Lombardian basin, Italy. On the basis of an analysis of our palaeolatitudinal data in a broader palaeogeographic context, we propose an alternative explanation for the above facies tripartition. We suggest that the Lombardian basin drifted initially towards, and subsequently away from, a near-equatorial upwelling zone of high biosiliceous productivity. Our tectonic model for the genesis of radiolarites adds an essential horizontal plate motion component to explanations involving only vertical variations of CCD relative to the ocean floor. It may explain the deposition of radiolarites throughout the Mediterranean and Middle Eastern region during the Jurassic period.
Modern oceans are undersaturated with respect to silica 2 , and this causes the post-mortem dissolution of siliceous tests. Only under specific oceanic conditions, whereby the wind-driven upwelling of nutrient-and silica-rich deeper waters sustain enhanced plankton productivity, can a significant fraction of the siliceous biomass be buried before dissolution. Radiolarians in particular tend to proliferate in the equatorial belts of the Pacific and Indian oceans 2 . The hypothesis that Mesozoic Alpine facies changes resulted from past latitudinal plate motion across climate belts can be tested with palaeomagnetism. Rocks can acquire a magnetization parallel to the Earth's ambient geomagnetic field at the time of their formation. Because the time-averaged field is essentially dipolar, the inclination of the natural remanent magnetization with respect to the palaeohorizontal, represented by sedimentary bedding planes, is a function of palaeolatitude. We studied the palaeomagnetism of the Jurassic-Cretaceous pelagic succession exposed at Colle Sogno in the Lombardian basin (Fig. 1) ; this location was selected because of its relatively simple tectonic setting, quality of exposure and the stratigraphic continuity of strata of known age. The succession, biostratigraphically dated with nannofossils and ammonites (see refs 3 and 4, and references therein), was assigned numerical ages according to the timescale of ref. 5 (Fig. 2) (Fig. 2) .
Oriented palaeomagnetic samples (191) were collected at 13 sites through the succession (Fig. 2 6 and Maiolica [7] [8] [9] Formations of the Lombardian basin, projected to the Colle Sogno locality coordinates, augmented the definition of our palaeolatitude curve, and extended it into the Early Cretaceous.
The Lombardian basin composite palaeolatitude curve ( Fig. 2 ; Supplementary Table C) shows a moderate southward drift from 358 N to 258 N in the Early Jurassic followed by a drop to values of 108 N and less in the Middle-Late Jurassic coincident with radiolarite deposition (sites CS8-CS10). Near-equatorial latitudes during Middle-Late Jurassic deposition of radiolarites were also palaeomagnetically recorded outside the Lombardian basin in Tuscany 10 ( Fig. 1) . The mean palaeopole from these radiolarites is offset by ,708 anticlockwise from site CS8 of this study. This offset is due to vertical axis rotation with negligible latitudinal transport. Accordingly, we can incorporate data from the Tuscan radiolarites in the Lombardian basin palaeolatitude curve (TU1 and TU2; Fig. 2) . Higher values of 20-308 N occurred in the Early Cretaceous during deposition of the Maiolica nannofossil ooze.
Sedimentary compaction may cause the palaeomagnetic inclination of some sediment to be shallower than the true inclination of the palaeomagnetic field. To check this possibility, palaeolatitudes from well-dated magmatic rocks from Africa and North America were rotated to northwest Africa coordinates using published Euler poles, and transferred to the Colle Sogno locality (Supplementary Table C ). This transfer procedure is allowed by the palaeogeographic affinity of Adria and Africa, as demonstrated by the fact that the northern margin of Adria in the Lombardian basin and elsewhere in the Southern Alps, although locally deformed during the Alpine orogeny, has Permian-Mesozoic palaeomagnetic directions that are statistically indistinguishable from those of Africa 11, 12 . Tropical latitudes for the Lombardian basin during the Early Jurassic are corroborated by data from magmatic rocks from Sierra Leone and Mauritania (data points FR 13 , NM and SM 14 in Fig. 2 ). Nearequatorial latitudes in the Middle-Late Jurassic are supported by data from the Mzongwana kimberlite of South Africa dated at 152^3. 4 Table C) .
We placed the palaeolatitudinal evolution in a broader palaeogeographic perspective by calculating overall mean palaeopoles for Adria (Supplementary Table C ) and restoring other Gondwanan and Laurasian elements relative to northwest Africa (Adria) using published Euler poles of rotation (Fig. 2 , right panels) (see Methods). The rapid southward movement of Adria/Africa from the Early Jurassic (187-177 Myr ago) to the Middle-Late Jurassic (166-149 Myr ago) was broadly coeval with the opening of a seaway connecting the central Atlantic Ocean to the Tethys Ocean, which around Adria is called the Liguria-Piedmont Ocean. Inclinationonly palaeomagnetic data from the Middle East support our 166-149 Myr reconstruction by indicating that the northern margin of Arabia was close to the Equator in the Late Jurassic-Early Cretaceous 18 . The late Middle Jurassic to Late Jurassic was the time of maximum abundance of radiolarian-rich sediments in the AtlanticTethys seaway and surrounding margins at sites in Spain, the Alps, Carpathians, Adria and Greece, as well as in the Tethys Ocean facing Oman 19, 20 . These sites were located at near-equatorial latitudes, presumably in a zone of high biosiliceous productivity sustained by upwelling of deeper waters enriched in nutrients and silica 19, 20 , as observed in modern equatorial belts 2 . This is confirmed by a recent study of Jurassic Apennines radiolarites that indicates repeated periods of high primary productivity of surface waters sustained by nutrients remobilized by strong ocean circulation 21 . In the time span when the Atlantic-Tethys seaway resided at near-equatorial latitudes, the actual deposition of radiolarites depended also on local or regional palaeogeographic and/or palaeoecologic factors. Low fertility related to dominant antiestuarine-type circulation, relatively shallow water depth promoting preservation of carbonates, dilution by terrigenous input, or a combination of these factors, may explain the absence of true radiolarites in the young, land-locked subequatorial central Atlantic Ocean e.g., 20 . The upper Middle-lower Upper Jurassic sections at Deep Sea Drilling Project Sites 367 and 534 consist in any case of radiolarian-rich intervals letters to nature that suggest fertility regimes higher than in preceding and following intervals 20 . Radiolarites deposited directly on exhumed serpentinized mantle rocks and pillow lavas are a key element of Alpine ophiolites in the so-called "Steinmann trinity" 22 . Oceanic gabbros from Corsica, Liguria and the eastern Alps occur in a narrow age window centred at 160 Myr ago (see references in ref. 22 ) when the LiguriaPiedmont Ocean was at near-equatorial latitudes. This would explain why radiolarites rather than carbonates were deposited on the newly formed and thus presumably shallow oceanic crust.
Radiolarian cherts deposited in equatorial zones of ancient oceans are a diachronous facies controlled primarily by plate motion across oceanic zonal circulation patterns. Cherts deposited at near-equatorial palaeolatitudes in the Slide Mountain displaced terrane of British Columbia are late Palaeozoic in age 23 , and those of the Franciscan Complex accreted on the continental margin of California and Mexico are Jurassic in age 24 , whereas those deposited in response to the equatorial crossing of the Pacific plate are Late Jurassic and Cretaceous 25 . At Colle Sogno, oceanic sedimentation became progressively less siliceous and more calcareous in the Early Cretaceous (Fig. 2) . Our data indicate that this widespread shift to dominant nannofossil oozes 20 was triggered by the motion of Adria out of the near-equatorial upwelling belt into less trophic tropical waters dominated by calcareous nannoplankton.
Palaeomagnetic evidence has previously been presented 11 for the swing to low latitudes of Adria by the latest Jurassic. We observe that this movement started earlier, in the Middle Jurassic, and was more pronounced than generally realized because, to our knowledge, palaeomagnetic data for Adria's radiolarites that were deposited at the lowest palaeolatitudes had not been reported before ref. 10 and this study. This interval of rapid plate motion is largely underestimated in conventional apparent polar wander paths (APWPs) based on running averages of palaeopole entries. For example, the most recent Besse and Courtillot 26 master APWP transferred to Africa in the interval 170-145 Myr ago includes palaeopoles from limestones from central Europe that have an ambiguous smeared distribution with a suspicion of remagnetization 18 , whereas welldated Adria poles were excluded from the compilation even though the tectonic affinity of parts of Adria to Africa is well demonstrated 11, 12 . As a result, latitudes predicted for Colle Sogno by this master APWP show little variation over the Jurassic-Early Cretaceous (Fig. 2) .
Modern climate zonality provides a first-order hypothesis to explain ancient sedimentary facies that can be tested with palaeomagnetism. Paleolatitudinal data from a continuous succession of sediments at Colle Sogno show that carbonate facies dominated when Adria was located at tropical latitudes in the Early Jurassic, radiolarian oozes were deposited when it moved to near-equatorial latitudes in the Middle-Late Jurassic, and nannofossil oozes became progressively dominant when it returned to higher tropical latitudes in the Late Jurassic-Cretaceous. This tectonic model for the genesis of radiolarites on Adria's rifted margins adds an essential horizontal plate motion component to explanations involving only vertical variations of the CCD relative to the ocean floor 1 , which is an efficient mechanism for varying carbonate concentration rather than form radiolarian oozes.
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Samples and measurements
Standard high-field thermomagnetic experiments show that samples from the lower part of the succession (dominantly grey Zu Limestone to lower Sogno Formation) contain magnetite with moderate coercivity and maximum unblocking temperatures (T max ) of ,570 8C in association with subsidiary haematite with higher coercivity and a T max of ,680 8C (Supplementary Fig. A) . A magnetite-haematite mixture dominates the grey to pink upper Sogno Formation, magnetite associated with subsidiary haematite characterizes the green and red radiolarites, a magnetite-haematite mixture dominates the reddish Rosso ad Aptici Formation, and magnetite alone characterizes the white Maiolica Formation.
All samples were thermally demagnetized and analysed at the palaeomagnetic laboratory of the University of Munich (Supplementary Table A Supplementary Fig. B) . The characteristic magnetization, calculated by means of principal component analysis, has dual polarity, being oriented northerly-and-down or southerly-and-up (Supplementary Table B) . It was observed in samples from all sites (except site CS7B) and showed no discernible change in orientation with respect to the origin of the axes of orthogonal projection plots in mixed mineralogy samples. Other magnetization components observed in some samples over intermediate unblocking temperatures (200-550 8C) are usually scattered between the present-day field and the characteristic magnetization directions, suggesting that they represent composite magnetizations, although overprinting during the Alpine orogeny may be a contributing factor.
Data analysis
The characteristic components of magnetization, grouped in three distinct stratigraphic intervals (Domaro Formation, radiolarites-basal Rosso ad Aptici, and upper Rosso ad Aptici-basal Maiolica) by means of standard Fisher statistics, pass the polarity reversal test (class C of ref. 27 ). The generally homogeneous bedding attitudes preclude the application of a fold test at Colle Sogno. Two magnetostratigraphically correlated sections from the Maiolica Formation at Alpetto and Piè del Dosso 7, 8 , located respectively west and east of Colle Sogno (Fig. 1) , have characteristic mean directions that differ by 1058 in geographic coordinates but only 48 in tilt-corrected coordinates. These tilt-corrected magnetizations, similar in orientation to the ones from the basal Maiolica Formation at site CS11, pre-date Alpine folding and suggest internal structural consistency of this part of the South Alpine belt. We therefore interpret the dual-polarity directions from Colle Sogno as primary magnetizations acquired in normal and reverse polarity geomagnetic fields.
Fisher statistics were applied to calculate site mean characteristic component directions. From the characteristic component of each sample, a virtual geomagnetic pole was calculated and Fisher statistics were applied to calculate site mean palaeomagnetic poles. Palaeolatitudes were calculated as 908 minus colatitude, where colatitude is the arc distance between the Colle Sogno average palaeomagnetic site and the individual palaeomagnetic north poles, with palaeolatitude error defined by^A95 (Fisher's cone of 95% confidence about the palaeomagnetic pole) (Supplementary Table C) .
Fisher statistics were applied to calculate selected overall mean palaeomagnetic poles for Adria (Supplementary Table C) for palaeogeographic reconstructions (Fig. 2, During the last glacial period, large millennial-scale temperature oscillations-the 'Dansgaard/Oeschger' cycles-were the primary climate signal in Northern Hemisphere climate archives from the high latitudes to the tropics [1] [2] [3] [4] [5] [6] . But whether the influence of these abrupt climate changes extended to the tropical and subtropical Southern Hemisphere, where changes in insolation are thought to be the main direct forcing of climate, has remained unclear. Here we present a high-resolution oxygen isotope record of a U/Th-dated stalagmite from subtropical southern Brazil, covering the past 116,200 years. The oxygen isotope signature varies with shifts in the source region and amount of rainfall in the area, and hence records changes in atmospheric circulation and convective intensity over South America. We find that these variations in rainfall source and amount are primarily driven by summer solar radiation, which is controlled by the Earth's precessional cycle. The Dansgaard/ Oeschger cycles can be detected in our record and therefore we confirm that they also affect the tropical hydrological cycle, but that in southern subtropical Brazil, millennial-scale climate changes are not as dominant as they are in the Northern Hemisphere.
The study area in subtropics of southeastern Brazil is wellsituated for investigating changes in tropical and subtropical atmospheric circulation. Although wet and dry seasons are not observed, the region receives rainfall from two distinct sources in different seasons (see Supplementary Information S1). During the austral winter and early spring, equatorward incursions of midlatitude cold dry air result in cyclonic storms that move moisture inland from the nearby Atlantic Ocean 7 . During the late summer and early autumn, rainfall is related to the intense convection over the interior Amazon basin that is associated with the South American summer monsoon (SASM) 8 . From December to March, a northwesterly low-level flow, the Andean low-level jet (ALLJ), transports Amazon tropical moisture from interior Brazil near the Equator towards the South Atlantic Convergence Zone (SACZ) located over southern Brazil 9 . At the study site (278 S), a significant fraction of summer precipitation derives from this moisture flux 10 . Thus, although it is not directly beneath the centre of convective activity over the Amazon basin, summer rainfall in southeastern Brazil is strongly influenced by the southward progression of convection across the Amazon basin through the summer. The two sources of rainfall also have quite distinct oxygen isotopic ratios. The more locally sourced winter rainfall is enriched in 18 O compared to summer precipitation, with average d
18
O values of precipitation during the winter of 23‰ as compared to average values of 27‰ in the early autumn at Porto Alegre City, southern Brazil 11 (and see Supplementary Information S2). At present the mean annual isotopic composition of rainfall is mainly determined by the relative contribution of summer, monsoonal precipitation versus winter, extratropical precipitation and not by temperature or amount effects. This interpretation is supported by the coincidence of more positive values of d 18 O with the rainiest period in Porto Alegre during winter and early spring, which is contrary to the expected tendency if either temperature or precipitation amount were the major source of variation in rainfall oxygen isotope ratios 12 . Stalagmite BT2 was collected from Botuverá Cave (278 13 0 24 00 S; 498 09 0 20 00 W, 230 m above sea level, a.s.l.). On the basis of 20 U/Th analyses, the 70-cm-long stalagmite was deposited from ,116 thousand years (kyr) ago to the present without detectable hiatuses (Fig. 1) . Samples for stable isotopic analyses were taken every 1 mm, which represents an average resolution of ,150 yr. Values of d
18 O for stalagmite BT2 range from 20.5 to 25.0 with an apparent cyclicity of ,20 kyr (Fig. 2) . The lowest values are observed around 14-20 kyr ago and around 40-45 kyr ago. Superimposed on the longer-term cyclicity are more abrupt millennial-scale variations with an amplitude of ,1 to 1.5‰.
Stalagmite BT2 appears to have been deposited in approximate isotopic equilibrium with cave drip water as indicated by the relatively small ranges of d 
